Abstract A set of six lithic tools, unearthed along 2011 in two karst sites of the Guadalteba County (Málaga, Spain), has been nondestructively investigated by Raman spectroscopy and laboratory x-ray diffraction. From a chemist's point of view, our goal is to develop a systematic screening protocol for a quick, easy, low cost and nondestructive characterization of archaeological flints based on Raman spectroscopy, x-ray diffraction and Rietveld refinement. In this paper, we firstly made use of Raman spectroscopy to determine, in a semiquantitative way, but with the generic advantage of a faster data acquisition than x-ray diffraction, the surface content of moganite of each lithic tool, from the ratio between the relative intensities of the two Raman-active symmetric stretching vibrations (A 1 modes) of α-quartz (465 cm ). The precise bulk quartz/moganite weight content was then accurately quantified by means of high-quality x-ray diffraction, followed by Rietveld refinement. We found a general good correlation between Raman and x-ray data. Nonetheless, as recently reported in the scientific literature by other authors, the vibrational spectroscopic quantification Archaeol Anthropol Sci (2015) 7:235-243 DOI 10.1007 of moganite in silica rocks like flint and chert have to be performed very cautiously, to avoid undesired interferences from other Raman features due to the eventual presence of silanol (SiOH) groups, which could finally lead to an overestimation of the surface moganite concentration. As reported in such a recent article, a useful treatment to reduce the interference from silanol-bands is to heat the samples prior to their Raman analysis at a minimum of 600ºC (but better at 700 or 800ºC) for silanol "dehydration". This, in our opinion, may be for sure a satisfactory procedure when studying flint or chert samples of a "geological origin". But not of practical use when studying lithic tools which were manufactured by men thousands and thousands of years ago.
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Introduction
A very abundant and continuous human occupation has been documented in the Guadalteba County (Málaga, Spain), with a chronologic sequence extending from the Middle Pleistocene to modern times (Fig. 1) . The archaeological studies performed so far in this Andalusian area have been mainly focused on the cleaning, prospecting and excavation works conducted in the karst site of Las Palomas cave in Teba (Medianero et al. 2011) , as well as at the nearby Ardales cave over the past 25 years. Recently, all these on-site archaeological works have allowed the awarding of the research project, "The Guadalteba Project", by the Junta de Andalucía regional government, one of whose main aim is the routinary use of modern and nondestructive archaeometric techniques as a help to the scientific and archaeological research of the prehistoric heritage of the Guadalteba County.
In a previous investigation, we analysed by Raman spectroscopy the bulks and patinas of a series of flintmanufactured artefacts from the Guadalteba County (Hernández et al. 2012) . The final goal of that previous work was checking if this fast, nondestructive and sample preparation-free vibrational spectroscopic technique could provide useful information about the mineral composition of the chert tools as well as some information about their assignment to distinctive groups of raw materials of a particular provenance. On the basis of the vibrational data reported in that archaeometric Raman study, it was confirmed that α-quartz was the main phase in the flints under study, although a small amount of moganite was also evidenced as a distinctive fingerprint in some specimens (Hernández et al. 2012) .
On the other hand, x-ray diffraction studies of microcrystalline quartz have been also addressed in the archaeometric literature for lithic sourcing. Based on earlier works, some authors have applied the Rietveld method to quantify the silica polymorph ratios for sourcing chert and chalcedony lithic materials (Heaney and Post 1992; Pretola 2001) . Initially, diffraction data on powdered samples were taken for a better profile shape and particle averaging. Advances in the optic setup(s) of modern diffractometers allow collection of x-ray diffraction data directly from the bulk of the flint (polycrystalline) samples if at least one pseudo-flat surface is present. In this regard, we can highlight the nondestructive analysis of the quartz/moganite content ratio of Roman silica gemstones, on the own bulk samples (Gliozzo et al. 2011 ). Xray diffraction has also been recently used for analysing flints and other raw lithic materials, with data directly collected on flint bulk specimens (Graetsch and Grünberg 2012) .
Flints and cherts have extensively been used as raw materials for production of lithic industry since the Palaeolithic. However, to nonexperts, there is no sharp mineralogical distinction between them: both consist of microfibrous chalcedonic silica. Flint usually occurs in the form of macroscopic nodules, several centimetres thick and forming discontinuous layers in chalk or limestone. Geologically, the name is restricted to Cretaceous European formations. On the other hand, chert is often found as bedded massy, sometimes layered deposits (Frondel, 1962) , but also in nodular form. The term "chert" is used more broadly and may include rocks with a microgranular rather than a microfibrous microstructure as well as flint.
Moganite is a naturally abundant silica polymorph which has been found in silica rocks all over the world, mainly intimately intergrown with chalcedony (Heaney and Post 1992; Heaney 1995) , and which was identified in pure form only on Gran Canaria Island, Spain (Flörke et al. 1976; Jambor et al. 1993; Kingma and Hemley 1994; Götze et al. 1998) , where it occurs in fractures and voids within the rhyolite ignimbrite flows of the Mogán Formation. Moganite was definitively accepted as a new mineral member of the silica system in 1999 (IMA N°9 9-035). Moganite can be distinguished from α-quartz by LXRD on the basis of its crystal structure (Heaney and Post 2001) and, hence, its unique diffraction pattern (lattice parameters at room temperature: a = 8.737 Å, b = 4.869 Å, c=10.722 Å and θ=90.19) (Heaney and Post 2001) . Moganite is nowadays recognised as a common intergrowth in many types of cherts used as raw materials during prehistoric times in different locations of the Iberian Peninsula (Gutiérrez et al. 1991; Olivares et al. 2009; Bustillo et al. 2012; Bustillo 2001; Tarriño et al. 2007) .
In this work, we analyse by means of nondestructive archaeometric techniques such as Raman spectroscopy and Rietveld methodology six lithic tools collected from two different karst sites of the Guadalteba County (Málaga, Spain). Our main goal is to develop a systematic protocol for a fast and non-destructive characterization of archaeological flints, with the hope that it might provide a scientific basis for future works on raw material procurement pattern analyses.
Archaeological context and geological setting
Over the past 10 years, around 70,000 lithic tools have been found during the systematic and exhaustive stratigraphic study of the low terraces of the Guadalteba river. The specimens can be attributed to different chronologic periods including: (1) Acheulean industry (cores, flakes, bifaces and retouched products) (Carbonell et al. 1999; Clark 1998; Laplace 1975) , which were also documented as belonging to Mode II-Old Iberian Acheulean and Plenum Iberian Acheulean (Vallespí 1986a; Vallespí 1986b; Vallespí 1992 ) and (2) Mode III-Mousterian technology (cores, Levallois flakes, and among the retouched products: scrapers, notches and points). The huge number of stone tools and other archaeological objects already found in these privileged lands (such as human bones, wall paintings and engravings in caves, stone lamps, remains of fire-linked activities, etc.) are indicative of an abundant and continuous occupation of this territory by pre-Neanderthal huntergatherer societies and Neanderthals, who lived in the middle and high Guadalhorce river areas, hunting large mammals.
The Ardales cave, which is known worldwide for its numerous manifestations of Palaeolithic art, has a great cone of sediments of high archaeological interest located just at its current entry. The nearby karst complex of Las Palomas de Teba contains another vertical stratigraphic deposit of nearly 8 m in depth (in a place known as "Sima de las Palomas") which is particularly rich in bones, manufactured stone tools and some other evidences of Pleistocene human occupation, characteristic of Neanderthal occupation.
The karst complex of Las Palomas de Teba is located in the West Peñarrubia Mountains, in a gorge known as Tajo del Molino (Fig. 1 ). This karst complex is developed in limestones sediments of the inner Subbetic, showing a thick calcareous series of Jurassic age composed by red coloured nodular and brechoid Malm limestones, followed by Cretaceous (Coniacian-Maastrichtian) "red beds" characteristic of the Betic Chain. The cave was formed by the karstification of Sierra de Teba and includes a collapsed doline as well as several galleries that are not particularly rich in speleothems. Above the speleothem horizon, there is a horizon of clays and debris, followed by cemented limestone breccias that are surmounted by large fallen blocks (Medianero et al. 2011) .
The Ardales Cave is located around 20 km from Las Palomas de Teba Cave and 2 km from the Ardales village, in the Cerro de la Calinoria, part of the Serrezuela mountain range. The cave was sealed by an earthquake around 8,000 years ago and rediscovered after another earthquake in 1821, which revealed its current mouth. The cave is 1,577 m long and is formed by Triassic calcareous rocks of uncertain Fig. 1 paleogeographic attribution, although they belong to the internal zone of the mountain chain of Andalucía, in one of the natural paths between the Málaga Bay (south) and the Guadalquivir Depression (northwest).
Material and methods

Specimens
Lithic tools numbered as 2 and 5 were collected during the preliminary prospection works carried out during the 2011-2012 season at the great cone of sediments located just below the current entry of the Ardales Cave ( Fig. 1 and 2) . Specimen 2 is a chisel (Upper Palaeolithic) made in massive white chert, and showing small white microlithic inclusions or spicules, whereas specimen 5 is a Mousterian flake of cream flint with clear microsphere inclusions.
The other lithic tools (1, 3, 4 and 6), all of them ascribed to Mousterian technology, were unearthed from the deepest level (VIII) in Sima de Las Palomas ( Fig. 1 and 2 ). They were documented, together with many others tools, in a rich, still unpublished, continuous sequence of Middle Palaeolithic occupations, starting from the first half of the last glacial cycle. Lithic tools 3 and 4 (both of them flakes) and 6 (core) are made of white and grey flints; while specimen 1 (core) is made of a reddish brown radiolarite.
Raman spectroscopy
Raman data were collected on a Bruker RamII FT-Raman module attached to a Vertex FT-IR spectrometer at the SCAI of the University of Málaga. The 1,064 nm laser power was kept fixed to the lowest value to avoid mineralogical changes. Typically, 3,000 Raman scans were averaged in each case to improve the signal-to-noise ratio, with a spectral resolution of 1 cm −1
, and the 100 to 1,800 cm −1 spectral range was recorded. Typically, the spot size on the lithic tools was around 50 μm. Different spots were analysed for each specimen, with the aim of analysing the homogeneity of the moganite distribution on the surface of each lithic tool. Cortex and patinas were avoided, and only fresh surfaces were analysed.
X-ray diffraction Laboratory x-ray diffraction (LXRD) patterns for the bulk (fresh rock from each specimen) lithic tools were recorded on a PANalytical X'Pert PRO MPD diffractometer working in reflection geometry (θ/2θ) and using the X'Celerator Real Time Multiple Strip (RTMS) detector with an active length of 2.122º. The flints were loaded in a multipurpose holder which allows the micrometric controlled alignment of samples with an exposed surface as flat as possible. Cu-patterns were collected with a long fine focus Cu tube working at 45 kV and 40 mA. The incident beam optic path contained a hybrid monochromator (composed of a W/Si parabolic x-raygraded mirror and a 2-crystals Ge (220) 2-bounce monochromator) which yielded a monochromatic, λ=1.54059 Å parallel x-ray beam, and a fixed 1/8°divergence slit. The diffracted beam optic path contained a fixed 1/4°anti-scatter slit. Both incident and diffracted beams were equipped with 0.04 rad Soller slits. A typical scan range was from 14.0 to 90.0°2θ with a step size of 0.0167°2 θ and an overall recording time of approximately 4 h. We recall that the diffraction data were taken on bulk lithic tools, so we can describe the setup as polycrystalline x-ray data collection. Polycrystalline patterns for the six lithic tools were further analysed by the Rietveld method as implemented in the GSAS-EXPGUI software package (Larson and Dreele 2000) by using a pseudo-Voigt peak shape function (Thompson et al. 1987 ) to obtain Rietveld Quantitative Phase Analysis (RQPA). The refined overall parameters were: phase scale factors, background coefficients, unit cell parameters, zeroshift error and peak shape parameters. Structural parameters at room temperature were taken: Will et al. (1988) for α-quartz, Heaney and Post (2001) for moganite and Maslen et al. (1995) for calcite, and not refined further.
Results and discussion
Flint usually forms irregular nodules in sedimentary rocks. A thin white layer can surround the flint nodules. The outer layer, generally white, is sometimes denoted as cortex. Quite often, the cortex shows a powder-like appearance. Remains of this cortex layer can be seen in some of the specimens which are the subject of this study (see Fig. 2 ). Flint (Fig 2. (2-6)) and radiolarite ( Fig. 2. (1)) patinas are also present in some of the studied samples; but in general, the areas of the lithic tools with a knapping display fresh and clean surfaces. Patinas are the result of different physico-chemical transformations on the outer surface of siliceous material stone tools after their knapping process due to exposition to weathering and burial during long periods of time.
Thickness and compositional features of the surfaces of stone tools will depend on the type and composition of the original bulk raw materials (flint, radiolarite, sandstone) and also on the physico-chemical environment(s) to which they were subjected during their transport, sedimentation or burial. Quite often, a decrease of the rock density, lost or reprecipitation of silica with different morphologies or a dehydration process can occur. Furthermore, these processes can be rather heterogeneous, so slightly different data may be derived from different points on a given surface (Bustillo et al. 2007) .
As bulk mineral composition is dependent on physical and chemical conditions in sedimentary areas, mineralogical characterization and phase rates of flints can be specific for each outcrop and, then, provide information about the source of the raw material.
Raman spectroscopy clearly shows that α-quartz is the main mineral which constitutes the bulks of the six flintradiolarite specimens. This result is derived from its ; and comparison between the FT-Raman profiles collected for the number 1 and number 2 specimens, at different spots on their surface Fig. 4 FT-Raman spectra of α-quartz (bottom) and a "moganite" sample from Mogán (Canary Islands), containing nearly 75 % moganite and 25 % α-quartz (top) as determined from a Rietveld analysis of powder diffraction data , due to moganite (Table 1 ). Figure 3 displays the FT-Raman profiles of the six lithic tools in the 400-550 cm −1 spectral range. The changes of the relative Raman intensity associated to the moganite vibration at 501 cm −1 as compared with the strong Raman feature of α-quartz at 465 cm −1 are rather conspicuous. The FT-Raman spectra of pure α-quartz and that of a nearly "75 % moganite+ 25 % α-quartz" sample from Mogán (Canary Islands, Spain) are displayed in Fig. 4 for the sake of comparison. Figure 3 also shows a comparison between the FT-Raman profiles collected for specimens 1 and 2 at different spots on their surface. The resemblance between the various Raman spectral patterns recorded for each lithic tool evidences the homogeneity of the surface moganite distribution. We recall however that some authors (Schmidt et al. 2012; Schmidt et al. 2013) have recently reported on a second Raman feature, at 503 cm . This overlap can make the Raman spectroscopic quantification in the presence of silanol groups difficult. These authors recommended that silica rocks are heat-treated prior to their Raman analysis at a minimum of 600ºC (but better at 700 or 800ºC) for silanol "dehydration". This heat-treatment, in our opinion, may be for sure a satisfactory procedure when studying flint or chert samples of a "geological origin". But it is not of practical use when studying lithic tools which were manufactured by men several thousands of years ago.
On the other hand, Fig. 5 display the FT-Raman spectrum of specimen number 6, in the 100-1,800 cm −1 spectral range, together with that of pure calcite. The observation of a weak Raman scattering at 1,086 cm −1 in some of these lithic tools, and a second weaker Raman feature at 281 cm
, is indicative of the presence of a calcite crust.
Advanced methodology for x-ray diffraction allows the study/analysis of polycrystalline materials if there is at least one relatively flat surface. The polycrystalline patterns were collected as described in the experimental section, and the data were further treated by the Rietveld method to obtain the mineralogical quantitative phase analyses. Figures 6 and 7 display the Rietveld plots of two lithic tools as examples of high-and low-content moganite objects, respectively. Table 2 reports the phase analyses of the six studied lithic tools. It can be seen than two lithic tools (numbers 1 and 2) have relatively high moganite contents, close to 15 wt%. This result is in very good agreement with the Raman study as these objects displayed the strongest Raman scattering at 501 cm −1 (see Fig. 3 ). On the other hand, the remaining lithic tools have a much smaller moganite content, ranging between 1.4 and 4.0 wt%, in close agreement with their Raman spectra where the 501 cm −1 scattering is much weaker. Furthermore, five of the six flints are determined to be pure silicon dioxide objects. However, number 6 lithic tool also contains 2.4 wt% of calcite which may be due to a small amount of surface deposited calcite. The diffraction peak shape for α-quartz was found to be anisotropic (i.e. hkl-dependent). This was modelled by the pseudo-Voigt function by refining GW (the Gaussian part), LY (the Lorentzian part) and STEC (the anisotropic correction of the Lorentzian width) along [001] direction. Moganite phase is in low contents, and their diffraction peaks are strongly overlapped with those of α-quartz. Thus, its peak shape was isotropically modelled. Table 2 also reports the final values used in the Rietveld analysis. As expected, the two samples with higher moganite contents showed the large anisotropic broadening for α-quartz, i.e. larger STEC values (see Table 2 ). This result could be explained because moganite is present as intergrowths between the α-quartz domains. So, higher moganite contents increase the quartz microstrain and decrease the quartz coherent diffraction domain sizes. These two features make the x-ray powder diffraction peaks of α-quartz anisotropically broader.
Finally, it should be mentioned that polycrystalline diffraction data collection followed by Rietveld analysis is much more time consuming (between 5 and 6 h each sample) than Raman spectroscopy. Therefore, an experimental approach can be established for the methodological study of the flint tools in the Guadalteba County in which Raman data are collected in a first step on many lithic tools (ideally in situ, by screening the samples in the field through a suited portable Raman spectrometer) and then selected specimens are subsequently analysed in the laboratory by means of Rietveld methodology for crosschecking. The final goal of such a systematic archaeometric study of the manufactured lithic tools is to establish a broad database including visual appearance, Raman spectroscopic data, moganite weight content and microstructure information for the future studies of the possible source areas of raw materials.
Conclusions
Raman spectroscopy allowed us to clearly distinguish between α-quartz and moganite in a series of Palaeolithic chert-manufactured specimens, revealing noticeable differences in the qualitative content ratio of these two microcrystalline SiO 2 polymorphic phases among the various lithic tools under analysis. X-ray diffraction data were also nondestructively taken on the same lithic tools. Further, Rietveld quantitative phase analyses allowed determining the precise moganite weight content in each chert-manufactured tool. The variable moganite/α-quartz ratio in manufactured flint and radiolarite prehistoric artefacts unearthed in different archaeological sites of the Guadalteba County may provide valuable information to assess the possible geological sources of the corresponding raw materials. As for the six studied samples, the weight content of moganite ranged between 2 and 15 wt%.
In summary, the combined use of FT-Raman spectroscopy and Rietveld refinement of high-quality x-ray diffraction of bulk lithic tools constitutes a useful and nondestructive experimental strategy for the methodological study of siliceous stone industries manufactured by men in the prehistory, and may help in determining the source areas of raw materials.
